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ABSTRACT 

Carbonaceous chondrites are a class of meteorite known for having a high content of water and 
organics. In this study, abundances of the nucleobases, i.e., the building blocks of RNA and DNA, 
found in carbonaceous chondrites are collated from a variety of published data and compared across 
various meteorite classes. An extensive review of abiotic chemical reactions producing nucleobases is 
then performed. These reactions are then reduced to a list of 15 individual reaction pathways that 
could potentially occur within meteorite parent bodies. The nucleobases guanine, adenine and uracil 
are found in carbonaceous chondrites in the amounts of 1-500 ppb. It is currently unknown which 
reaction is responsible for their synthesis within the meteorite parent bodies. One class of carbonaceous 
meteorites dominate the abundances of both amino acids and nucleobases—the so-called CM2 (e.g. 
Murchison meteorite). CR2 meteorites (e.g. Graves Nunataks) also dominate the abundances of 
amino acids, but are the least abundant in nucleobases. The abundances of total nucleobases in these 
two classes are 330 ± 250 ppb and 16 ± 13 ppb respectively. Guanine most often has the greatest 
abundances in carbonaceous chondrites with respect to the other nucleobases, but is 1-2 orders of 
magnitude less abundant in CM2 meteorites than glycine (the most abundant amino acid). Our survey 
of the reaction mechanisms for nucleobase formation suggests that Fischer-Tropsch synthesis (i.e. CO, 
H2 and NH3 gases reacting in the presence of a catalyst such as alumina or silica) is the most likely 
for conditions that characterize early states of planetesimals. 

Subject headings: astrobiology — astrocliemistry — meteorites, meteors, meteoroids — molecular data 
— methods: data analysis 


1. INTRODUCTION 

It has long been proposed that a significant por¬ 
tion of the prebiotic reservoir of biomolecules (in¬ 
cluding amino acids, fatty acids and nucleobases) on 
Earth was synthesized in comets and planetesimals, 
and delivered by meteorites, comets and interplane- 
tary d u st particles (lChnm berlin^^AlhBmberlirjll9(MlQro| 
1961at iChvba fc SagaiJ 119921 iPierazzo fc Chvbal 119991 
Burton et al.l 120121) . IPlanetesimals in this context are 
solid bodies approximately 1 km to 100 km in diame¬ 
ter, originating from the circumstellar disk.) This the¬ 
ory is substantiated by the high abundances of organ¬ 
ics measured in the fragments of planetesimals, i.e., 
the carbonaceous chondrite meteorites that have fallen 
on the Earth. Additional support comes from the re¬ 
cent analysis of biomolecules on the surface of Comet 
67P/Churyumov-Gerasimenko, which has revealed some 
evide nce for nonvolatile org anic macromolecular mate¬ 
rials (|Capaccioni et, all 1201 5 '). Thus, the formation and 
origin of pregenetic biomolecules for young planets is of 
particular interest in understanding the steps that led to 
the appearance of life. 

Nucleobases are the nitrogen-containing, characteris¬ 
tic molecules in nucleotides. They come in two vari- 
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eties: the purines, guanine (G) and adenine (A), and the 
pyrimidines, cytosine (C), thymine (T) and uracil (U). 
They are important because the particular ordering of 
nucleotides in the cliain(s) of DNA in organisms (or RNA 
in some viruses) constitutes the genome. In DNA the 
base pairs are G-C and A-T, and in RNA the base pairs 
are G-C and A-U. Since all known organisms and viruses 
use DNA and/or RNA to replicate, and since DNA or 
RNA stores the instructions for building proteins, un¬ 
derstanding the origin of the nucleobases is essential to 
understanding the origin of the genetic code. 

As part of a long term project to understand the astro- 


physical ori gin of biomolecules and their delivery to form¬ 
ing planets. FCobb fc Pudritd (120141) first collated and dis¬ 
played the abundances of amino acids in carbonaceous 
chondrites. Theoretical work on the origin of amino acids 
by means of aqueous Strecker reactions occurring in me¬ 
teorite parent bodies was then carried out and compared 
with the meteoritic record dCobb et al.ll2014l) . In this 
and subsequent papers, we extend this approach to nu¬ 
cleobases by first presenting the available data on nucle¬ 
obase abundances within meteorites. 

There are three components to the nucleotide: 
one nucleobase (G, A, C, T or U), one sugar (ri- 
bose or deoxyribose) and at least one phosphate 
group (P04 3 ~). Three of the five nucleobases in 
DNA or RNA (G, A and U) have been discov¬ 
ered in C M2, CR2, CI1, CM1 CR1 and CR3 type 
meteorites (iCallahan et al.l 1201 ll iMartins et al.1 2008 


Shimovama et alf 19901: Stoks fe Schwartd 1981 

van der Velden fe Schwartzl 119771: lHavatsu et al.l 
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(purine, 2 , 6 -diaminopurine, 6 , 8 -diaminopurine) and nu- 
cleobase catabolic intermediates (hypoxanthine and xan¬ 
thine). Ribose and deoxyribose have not been identified 
in meteorites (although the sugar dihydroxyacetone has 
dCooner et al.1 1200 11). Phosphates have been found as 
minerals in many meteorites, typically as C a-phosphates 


ally as t a 

or Fe-phosphate (lEbihara fc Hond3ll987l l. For infor¬ 
mative reviews about carbonaceous chondr ite mete¬ 
orites a nd their classification please seelCobb fc Pudritzl 
J201J), Weisberg et al.l ([20061 ) . iBotta fc Badaf i 20021 ) and 
IHa.ved (119671) . 

We begin in this paper by compiling a comprehen¬ 
sive list of the observed abundances of nucleobases in 
carbonaceous chondrites as reported in the scientific lit¬ 
erature. We then collate and display the data from 
these studies, emphasizing the trends in abundances and 
frequencies of these molecules by meteoritic type—and 
hence formation conditions. The data is first displayed 
by individual nucleobase abundance for each meteorite 
sample, then by total nucleobase abundance for each me¬ 
teorite sample, and finally by average relative nucleobase 
abundance to G for CM2 meteorites. The potential for 
nucleobase contamination in the samples of each study 
are also reviewed. 

We then perform an extensive survey of all of the pub¬ 
lished chemical methods that have been employed or sug¬ 
gested as pathways for the abiotic formation of nucle¬ 
obases. This survey is presented as a starting point in 
order to understand the reaction pathway(s) that could 
occur within planetesimals. The comprehensive list is 
reduced by disregarding reactions that are unlikely to 
occur in such environments. A final list of candidate nu¬ 
cleobase reaction pathways within planetesimals is then 
proposed. 

In a subsequent paper, we will use this candidate list to 
investigate the synthesis of nucleobases in planetesimal 
interiors. 


2. METEORITIC DATA 

The two fundamental techniques for measuring me¬ 
teoritic nucleobases in the laboratory are chromatogra¬ 
phy and mass spectrometry. Chromatography separates 
a mixture by dissolving it in a fluid, a.k.a. the mo¬ 
bile phase, and sending it through a structure, e.g., a 
column, holding a stationary phase, e.g., a silica layer. 
The molecules in the mixture travel at different speeds 
through the structure, causing them to separate for de¬ 
tection. Mass spectrometry separates a mixture by ion¬ 
izing its constituents (e.g. by bombarding them with 
electrons) and then accelerating them through an elec¬ 
tric or magnetic field. The ions are deflected as they 
pass through the field, and separated according to their 
mass-to-charge ratio. 

The specific analytical techniques used to detect nu¬ 
cleobases in carbonaceous chondrites have improved sig¬ 
nificantly over time. First analyses of nucleobases ap¬ 
plied Paper and Thin - layer Chromato graphy (PC, TLC) 
(lHavatsu et al.1 119681: lHavatsul 1964) and Mass Spec¬ 
trometry (MS) (lHavatsu et all 1*1975 ). (PC and TLC 
are very similar, with the only difference being that 
PC has its stationary phase within a tube and TLC 
has its stationary phase on a plane.) These stud¬ 
ies published extraordinarily high concentrations of G 
and A in the Murchison and Orgueil meteorites, with 


abundances ranging from 5000-20000 ppb. Analyti¬ 
cal techniques then moved tow ards Ion-exclusion Chro¬ 
matography (IEC, IEC-MS) (iStoks fc Schwarti 119811 
1 1 9791 : Ivan der Velden fc Schwartzl I1977D and High Per- 
formance Liquid Chr o matography (HPLC, HP LC-MS) 
(1 Callahan et, al.l 120111 : iShimovama et al.l I1990I ). These 
studies yielded nucleobase abundances in the 1-500 ppb 
range. IEC uses an aqueous mobile phase and sepa¬ 
rates the ionized compounds from the non-ionized com¬ 
pounds of a mixture by excluding the former. After the 
mixture is separated by the chromatograph, it is some¬ 
times sent into mass spectrometer for further separation. 
HPLC has a liquid mobile phase and improves chromato¬ 
graphic resolution by applying pressure to the dissolved 
mixture, allowing the mixture to flow at a much higher 
speed through the column. The use of a higher pres¬ 
sure allows for smaller particles to be used for the col¬ 
umn packing material, which creates a greater surface 
area for interaction between the stationary phase and 
the flowing molecules. This allows for a better separa¬ 
tion of molecules. MS is also sometimes used in tandem 
with HPLC for further separation. 

TLC has been found t o be less sens it ive and gives worse 
separa tion than HPLC (|Chomall2005D . iStoks fc Schwartzl 
(1981) also note that the analytical techniques applied 
in the earliest studies (PC, MS) are not very suitable 
for quantitative purposes. Therefore due to their lower 
accuracy and sensitivity, we won’t consider the studies 
that used PC, TLC or MS in the quantitat ive a nalysis in 
this p aper (i.e. lHavatsu et al.l (119751119681 ) and lHavatsul 
(1964)). 

Table [T| lists the data sources for the nucleobases, nu¬ 
cleobase intemediates and nucleobase analogs in each 
carbonaceous chondrite in this analysis. Carbonaceous 
chondrites are classified into types based primarily on 
composition and second arily on amounts o f aque ous and 
thermal processing (see iCobb fe Pudritzl (I2014D for an 
overview). For instance, the character ’R’ in CR1 mete¬ 
orites signifies the meteorite is of Renazzo-like composi¬ 
tion. The Renazzo meteorite is a meteorite that fell in 
Renazzo, Italy in 1824. The number T’ in CR1 mete¬ 
orites signifies the meteorite is of petrologic type 1 and 
therefore underwent the highest amount of aqueous alter¬ 
ation. The level of aqueous alteration is determined by 
the amount the chondrules (round grains) in the mete¬ 
orite have been changed by the presence of water. Petro¬ 
logic type 1 signifies the complete obliteration of chon¬ 
drules in the meteorite, whereas petrologic type 3 sig¬ 
nifies the chondrules in the meteorite have not been al¬ 
tered. The majority of meteorite samples with reported 
nucleobase abundances are of the CM2 type (Mighei-like 
composition with an average level of aqueous alteration). 

2 .1. Contamination Possibility 

There is always a concern about terrestrial con¬ 
tamination when _analyzing meteorites for organics. 
iCallahan et al.l (l201ll) addressed this by analyzing the 
content of the terrestrial environment around which the 
meteorites were retrieved. In the case of Antarctic me¬ 
teorites they analyzed dried residue from an ice sample 
collected in 2006 from the Graves Nunataks region, and 
in the case of the Murchison meteorite they analyzed 
a soil sample collected in 1999 from near the original 
Murchison meteorite fall site. In the Antarctic residue 
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Table 1 

Meteoritic nucleobase data sources. 


Type Meteorite 


Sample Number Analytical Technique Reference(s) 


CIl 

Orgueil 

Ehrenfreund 

HPLC-MS 

CI1 

Orgueil 

MNHN 

IEC-MS 

CM1 

Scott Glacier 

SCO 06043 

HPLC-MS 

CM1 

Meteorite Hills 

MET 01070 

HPLC-MS 

CM2 

Allan Hills 

ALH 83100 

HPLC-MS 

CM2 

Lewis Cliff 

LEW 90500 

HPLC-MS 

CM2 

Lonewolf Nunataks 

LON 94102 

HPLC-MS 

CM2 

Murchison 

Smithsonian 

HPLC-MS 

CM2 

Yamato 

Yamato 74662 

HPLC 

CM2 

Yamato 

Yamato 791198 

HPLC 

CM2 

Murchison 

ASU 1 

IEC-MS 

CM2 

Murchison 

ASU 2 

IEC 

CM2 

Murray 

N.A. 

IEC-MS 

CR1 

Grosvenor Mountains 

GRO 95577 

HPLC-MS 

CR2 

Elephant Moraine 

EET 92042 

HPLC-MS 

CR2 

Graves Nunataks 

GRA 95229 

HPLC-MS 

CR3 

Queen Alexandra Range 

QUE 99177 

HPLC-MS 


Callahan et ah (20M) 

J5toks_&_Schwartz (T979) 

^Cahahan^eW^ (2(UV) 

^aHahan^el^ih, (20J^) 

Callahar^e^a^ (kOJ^) 

Callahai^et^R (2iUV) 

Callahan ct al. (^0 \ V) 

Callahai^et^R y^^) 

Shinm^ama_et_aL (T990) 

Shimoyama ct ah (1990) 

^doks^Jz^Schwartz (i 98 1); Stoks_&Schwartz (1979) 
va.n der Velden A Schwartz (1977 ) 
_Stoks_^^^^^^^^ 11 ^)81); ^toks_^_Schwartz (1979) 

Callahai^et^R (20J^) 

Callahan ct al. (20J^() 

Callahan et ah 


sample, less than 5 pptr (parts-per-trillion) of G and A 
were measured, strongly suggesting the meteorite nucle¬ 
obases to be of extraterrestrial origin. Interestingly 1380 
ppb of C was measured in the soil sample from near the 
Murchison fall site, but no abundance of C was mea¬ 
sured in the Murchison meteorite sample. Also, several 
nucleobase analogs were measured in the Murchison me¬ 
teorite that are either rare or absent on Earth (purine, 
2,6-diaminopurine, and 6,8-diaminopurine). The con¬ 
junction of these findings strongly suggests an extrater- 
r estrial origin of the s e mete orite nucleobases. 

IShimovama et al.l (119901) argued that because the 
amino acid mixtures measured in the analyzed mete¬ 
orite were racemic, i.e., composed of equal amounts 
of D and L enantiomers, it is unlikely that the sam¬ 
ple (also containing nucleobases) was subjected to much 
contamination. Other studies took the high uracil-to- 
thymine ratios in the sample (e.g. 21 in a sample of 
the Murchison meteorite) as evidence that_ the_nucle- 
obases are ext rate rr estr ial in origin ( IStoks fe SchwartO 
I1981L 119791 Ivan der Velden &; Schwartzl I1977D . A high 
uracil-to-thymine ratio is suggestive of an extraterres¬ 
trial origin of nucleobases because studies on biogenetic 
nucleobases in various soils and recent sediments have 
measur ed little uracil with res pect to the other nucle¬ 
obases (IStoks fe Schwart3ll979l) . 

3. RESULTS: NUCLEOBASE ABUNDANCES AND 
RELATIVE FREQUENCIES 

3.1. Nucleobase Abundances in Meteorites 

We display the individual nucleobase abundance data 
grouped by carbonaceous chondrite type. The CM me¬ 
teorites are displayed in one plot, and the Cl and CR 
meteorites are grouped together in another plot— due to 
limited nucleobase data of the latter group. The or¬ 
dering of meteorite samples for both plots i s the s ame 
as the ordering defined by iCobb fc Pudritzl (120141 ) for 
amino acid abundance s. This order was chosen by 
ICobb fc Pudritzl (|2014D to give a smooth monotonic se¬ 
quence for the most abundant amino acid: glycine. In 
Figure [lj we illustrate the ppb (parts-per-billion) abun¬ 
dances of the purines G and A and the pyrimidine U in 
CM meteorites compared with the abundances of glycine, 
valine and aspartic acid found in the same meteorites 


from ICobb fc Pudritzl (120141) and (in the case of Yamato 
74662) IShimovama et al.l ( 19791) . G is typically the most 
abundant nucleobase in these samples, ranging from 2- 
515ppb. These G abundances are approximately 1-2 or¬ 
ders of magnitude lower than the glycine measured in 
the same meteorites. The range of G abundances in CM 
meteorites is closer to the intermediate and less abun¬ 
dant amino acids in carbonaceous chondrites: valine and 
aspartic acid. G is approximately 1 order of magnitude 
lower to 1 order of magnitude higher than both the va¬ 
line and aspartic acid measured in the same meteorites. 
G and aspartic acid remain in relatively close abundance 
with each other. A and U are generally less abundant 
than G by a factor of 2-10. 

The G abundance curve in Figure |T] has a localized 
peak in the middle, but still trends downwards over¬ 
all, generally following the glycine curve. The A abun¬ 
dance curve in Figure [1] trends downward as well, and 
appears to have a local maximum in the same location 
the G curve did. There is not enough U data to say any¬ 
thing about its curve. The correspondence between the 
amino acid and nucleobase curves suggests that condi¬ 
tions that favour the synthesis of glycine are related to 
those that optimize the production of nucleobases. The 
1-2 orders of magnitude difference in abundance between 
nucleobases and glycine could have several causes: dif¬ 
ferent decay rates, difference of synthesis or competing 
chemical reactions for the same basic materials. These 
will be future considerations of our theoretical work. The 
similarity in the bumps created by the G and A curves 
in Figure [T] could suggest a similar mechanism is used to 
synthesize G and A within the meteorite parent bodies. 

The nucleobase abundances in Cl and CR mete¬ 
orites are displayed in Figure [2] again, along with the 
abundances of g l ycine , valine and aspartic acid from 
ICobb fc Pudritzl (12011 as a guide. These abundances 
are much more reduced than in the CM meteorites, most 
laying in the 1-20 ppb range. The Orgucil meteorite ob¬ 
tained from the Museum National d’Histoire Naturelle 
(MNHN) is the only exception with slightly higher abun¬ 
dances of nucleobases than the other samples (~100 
ppb). Abundances of nucleobases in Cl and CR me¬ 
teorites range from 1-4 orders of magnitude lower than 
glycine abundances in the same meteorites. Nucleobases 
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Figure 1. Abundances of three nucleobases (G: blue, A: green, U: yellow) and three amino acids (glycine: red, valine: magenta, aspartic 
acid: cyan) in CM met eorit es. T h e meteorite order i s monotonically decreasing with respect to glycine. Amino acid data is obtained from 
ICobb fc Pudrit3 [120 1 41 ) and lShimovama et al.l 11197911 . 



Figure 2. Abundances of three nucleobases (G: blue, A: green, 
U: yellow) and three amino acids (glycine: red, valine: magenta, 
aspartic acid: cyan) in CR and Cl meteorites. The meteorite order 
is monotonically decr easing with respect to glycine. Amino acid 
data is obtained from ICobb &: Pudritz II2014D . 

range up to 4 orders of magnitude lower than valine, and 
up to 3 orders of magnitude lower than aspartic acid in 
Cl and CR meteorites. 

Due to the relatively low abundances of nucleobases 
in CM1, CR1, CR3 and CI1 meteorites in comparison 
to CM2 meteorites, and from the relatively low abun¬ 
dances of amino acids in the same meteorite types in 
ICobb fe Pudritd (|2014fl . it is likely that the parent bod¬ 
ies of CM1, CR1, CR3 and CI1 meteorites have a less 
suitable environment for organic synthesis than the par¬ 
ent bodies of CM2 meteorites. 

Other purines were also measured in CM, Cl and CR 
meteorites. Xanthine, a catabolic intermediate of G, 
was found in abundances of 4-2300 ppb and hypoxan- 
thine, a catabolic intermediate of A, was found in abun¬ 
dances of 3-243 ppb. Nucleobase analogs purine, 2,6- 
diaminopurine, and 6,8-diaminopurine were also mea¬ 


sured in lesser abundances (0.2-9 ppb). 

In Figure [3l we sum up G, A and U in all the meteorite 
sources and plot the total nucleobase abundances by me¬ 
teorite type. The total amino acid abundances measured 
in the same meteorites in this study are added to this 
plot for comparison. The total amino acid abundances 
include glycine, alanine, serine, aspart ic acid, glutamic 
acid a nd v aline, and are taken fro m ICobb fc Pudritd 
(|2014D and IShimovama et al.l (I1979D. The to tal amino 
acid abundances from ICobb &; Pudritd (|2014l) are veri¬ 
fied from the original sources, and in some cases refine¬ 
ments are made. 

The ordering of meteorites is i n accordance with the to - 
tal amino acid abundance plot in ICobb fe Pudritd (|2014D . 
It is clear from this plot that CM2 meteorites dominate in 
total nucleobase abundance, averaging at 330 ± 250 ppb. 
This is interesting because CM2 meteorites also appear 
to be one of the most abundant in amino acids, with to¬ 
tal abundances averaging ~10 4 ppb. This could suggest 
a similarity in the synthesis mechanisms of amino acids 
and nucleobases in the parent bodies of CM2 meteorites, 
e.g., both sharing HCN as a reactant. Conversely CR2 
meteorites, which appear to be the most abundant in to¬ 
tal amino acids (averaging ~10 5 ppb), are one of the least 
abundant in nucleobases, with a total average abundance 
of 16 ± 13 ppb. These differences could arise from differ¬ 
ent reaction rates, decay rates or chemical composition 
within the CR2 parent bodies. 

The total abundances of nucleobases in Figure [3] range 
from ^1-4 orders of magnitude smaller than the total 
abundances of amino acids in the same meteorites. A 
general conformity is seen between the pattern given by 
the total nucleobase abundances and the pattern given by 
the total amino acid abundances when considering solely 
the CM meteorites. Total abundances of nucleobases in 
the CM2 meteorites generally maintain both an increas¬ 
ing order, and a separation of approximately 2 orders of 
magnitude from the amino acids (with the main excep- 
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Figure 3. Tot al nucleobase abundanc es fr om 17 meteorite sample s plotted with the total amino ac id abundances found in the same 
meteorites from Cobb & Pudritz (2014) and Shimoyama ct al. (1979). The amino acid data taken from Cobb & Pudritz (2014) is slightly 
refined. Nucleobase sum includes G, A and U. Amino acid sum includes glycine, alani ne, serine, asparti c acid , glutamic acid and valine. 
The meteorite order conforms to the ordering of the total amino acid abundance plot inIC obb fc Pudrit d (120141 ). *ALH 83100 is a CM1/2 
type meteorite. fThe total amino acid abundance is the ’’Murray 1” abundance from ICobb*7T^udrit3T2014l) . 


tion being the Murchison Smith, meteorite). Total abun¬ 
dances of nucleobases in the CMf meteorites maintain a 
decreasing order and a separation of approximately 1 -2 
orders of magnitude from the amino acids. The patterns 
given by the total nucleobase and total amino acid abun¬ 
dances disagree in the sections containing the Cl and CR 
meteorites. Though, more meteoritic nucleobase assays 
need to be performed on these meteorite subclasses to 
verify that the disagreement in patterns is not the result 
of a poor sample size. This general conformity between 
total nucleobases and total amino acids in only the CM 
meteorites agrees with the above suggestion: that there 
may be similar reaction mechanisms for nucleobase and 
amino acid synthesis within the CM meteorite parent 
bodies, but perhaps there are different reaction and de¬ 
cay rates (e.g. due to different temperatures, hydration) 
or chemical compositions within the CR and Cl mete¬ 
orite parent bodies. 

3.2. Relative Nucleobase Frequencies 

Since CM2 meteorites were the most common to host 
nucleobases and had the highest abundances, we aver¬ 
aged the relative abundances of A and U with respect 
to G from CM2 meteorites in Figure |4] Here we can 
see G is the most common nucleobase in carbonaceous 
chondrites, followed by A at 0.36 ± 0.48 and then U at 
0.23 ±0.19. 

4. ABIOTIC NUCLEOBASE SYNTHESIS 

We now turn to the question of what chemical reac¬ 
tions might be responsible for nucleobase formation in 
planetesimals. To pursue this we first consider each well 
known abiotic nucleobase-synthesizing mechanism, and 
we filter out the mechanisms that require environments 
dissimilar to the interior of a planetesimal. We then con¬ 
sider the most frequently discussed reaction pathways 



Figure 4. Average relative nucleobase abundances to G in CM2 
meteorites 

for each remaining mechanism, and filter these reactions 
down to a candidate list based on assumed reactant and 
catalyst availability within planetesimals. 

4.1. Reaction Mechanisms 

Here we categorize the known types of reactions that 
synthesize nucleobases abiotically into seven groups. The 
following list of reaction types is in rough order of de¬ 
creasing likelihood of occurrence within planetesimals. 

Fischer-Tropsch (FT) synthesis uses carbon monoxide, 
hydrogen and ammonia gases as reactants in the pres¬ 
ence of a catalyst (such as nickel-iron allo y or aluminum 
oxide ) to create all five n u cleobases dH avatsu et al.lll968l 
Il972t lYang fc Orol 119711 : lAnders et al.l Il97l b Fischer- 
Tropsch synthesis is already thought by some to be the 
mechanism for producing meteoritic organics such as 
purines, pyrimidines, amino acids and aromatic hydro¬ 
carbons (lAnders et al.lll974l : lHavatsu et al.lll972D . 
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Several non-catalytic (NC) chemical reactions have 
been theorized or proven to synthesize all five nucle- 
obases which only involve a solution being heated, cooled 
or maintained at room temperature. The reactants in 
these reactions vary, a lthough HCN is foun d to be t he 


2002 

: Schwartz & Bakkei 

1989t IVoet & Schwartz 

1982 

: Yamada et al.: 1969 

, 1961 iFerris et al. ”971 

Wakamatsu et al. 1966; Oro & Kimball 19621 1961|). 


HCN is also one of the main reactants in Strecker 
synthesis, which is proposed to be the reaction that 
reduces amino acids within meteo rite parent bodies 
Cobb fe Pudritdl20l4 iPeltzer et al.l 


sized A, T, C and U (Kumar et al. 

12014); ISaladino et al. 

2001 

: Subbaraman et al. 1980; Oro 

196lfl Bcndich et al. 

1948 

). The most common of these reactions uses neat 


formamide as the sole reactant, which successfully forms 
nucleobases in the presence of several different catalysts. 

Spark discharge experiments first introd uced by Stan¬ 
ley L. Miller have produced G and A dYuasa et al.lll984 
IMivakawa et all[2000L119991) . These experiments send a 
high voltage electrical discharge through gaseous mix¬ 
tures of reactants, e.g., methane, ethane and ammonia 
or water, carbon monoxide and nitrogen, to produce or¬ 
ganics. 

Ultraviolet irradiation in various solutions, e.g., water, 
ice and urea, or water, ammo nia and pyrimidin e, has 
produced G, C and U (IMenor -salvan fe Marin-Ya scli 
120131 INuevo et al.l 120121 ILemmonl I1970I) . Photo- 
dehydrogenation, i.e., using ultraviolet light to re¬ 
move hydrogen from molecules, of 5,6-dihydrouracil 
and 5,6-dihydrothymin e has yield ed U a nd T 
([Chittenden fe Schwartzl 119761 [Schwartz fe Chittendenl 
119771) . And finally, electron irradiation in a gaseous 
mixture of met hane, ammon ia and water ha s successfully 
synthesized A (jPonnamperuma et al.lll963l) . 

This research is on the potential synthesis of nucle¬ 
obases within planetesimals, thus only the mechanisms 
listed above that could possibly occur in such environ¬ 
ments are of interest. Since the roc ky, s oli d and liquid 
water -filled interior of a planetesimal dTravis fe Schubert] 
2005) is likely not an environment where electron beams, 
ultraviolet light or electric discharges would occur, we 
only consider FT, NC and CA reactions as likely produc¬ 
ers of the nucleobases measured in carbonaceous chon¬ 
drites. 


4.2. Reaction Pathways 

To compile a thorough list of FT, NC and CA reac¬ 
tions that have been employed or suggested to produce 
nucleobases, we use a combination of Internet browsing 
with search criteria relevant to nucleobase synthesis (e.g. 
“abiotic adenine synthesis”, “Fischer-Tropsch synthesis 
of nucleobases”, etc.), and reading through citations from 
nucleobase synthesis studies. 

The 60 most discussed FT, NC and CA nucleobase- 
syntliesizing reactions in scientific literature are formu¬ 
lated in Table [3] along with their experimental nu¬ 
cleobase yields. All of the reactions in Table [3] have 
successfully synthesized a nucleobase in the laboratory 
with t h e excepti on of the 5 reaction pathways from 
[LaRowe fe Regnierl (120081) . These reaction pathways 
have been studied for their thermodynamic potential in 


hydrothermal environments, and have been proven to be 
favourable from a theoretical standpoint. If a nucleobase 
synthesis study suggests a chemical equation for the syn¬ 
thesis of their nucleobase(s), the chemical equation from 
the study is copied into the reaction column of Table [3] 
For studies that do not suggest a chemical equation, a 
simple 

reactants —> nucleobase (1) 

scheme is used. In the case of FT reactions, liquid wa¬ 
ter is also added as a potential product due to the fact 
that it generally form s along with nucleobases i n the lab¬ 
oratory experiments (lHavatsu fe Anders] 1 19811 ). For the 
deamination of C into U (reaction 32), ammonia is added 
as a potential product in order to perfectly balance the 
reaction. 

For catalytic reactions, the chemical equation includes 
one or more catalyst (s) written above the reaction arrow. 
In the case of multiple catalysts, a ’+’ is used to signify 
’and,’ a ’||’ is used to signify ’or’ and a ’+||’ is used to 
signify ’and/or.’ 

The reactions in Table [3] are firstly grouped by product 
nucleobase; in order of decreasing number of reactions. 
Then each nucleobase group is sub-grouped by reaction 
type (starting with Fischer-Tropsch synthesis). Finally 
the reaction type sub-groups are ordered by increasing 
total molecular mass of reactants (ignoring coefficients). 

5. RESULTS: CANDIDATE REACTION PATHWAYS WITHIN 
PLANETESIMALS 

In order for a reaction pathway from Table[3]to be con¬ 
sidered as a candidate reaction within planetesimals, the 
reactants and (if applicable) catalyst (s) must be present 
within the planetesimal environment. Since comets are 
thought to contain material that would have also been in- 
corpo rated into planetesimals during the latte r’s forma¬ 
tion dSchulte fe Shockl 120041 lAlexanded 120111) . we con¬ 
sider all reaction schemes with no reactant cometary 
abundances unlikely to occur in planetesimals. In the 
case of catalytic reactions, the catalyst(s) must also be 
found in meteorites in order for the reaction scheme to 
be considered as a candidate. 


Many spectroscopic molecular surveys and one in situ 
molecular analysis (done with mas s spectrometry ), have 
been c arried out on vario u s comets (iMumma fe Charnlev l 


2011; Liu et al. 

2007: Bockelee-Morvan et al. 

2004; 

Crovisier et all 

2004| lEhrenfreund & Charnlcv 

2000; 


Bockelee-Morvan et al.ll2000l) . From these surveys only 


eight of the reactants in Table |3] have been measured: 
H 2 , H 2 0, CH 2 0, NH 3 , CO, HCN, Cyanoacetylene and 
Formamide. All reaction pathways with reactants not 
from the list of eight above are disregarded. Deuter- 
ated hydrogen has only been found in comets in the 
form of H DO, DCN, HDCO, NH 2 D, HDS, CH 3 OD and 
CH 2 DOH (jCrovisier et al.ll2004D . though since D 2 and 
ND 3 are not substantially different from H 2 and NH 3 , 
we do not imm ediate l y disregard the deuterated FT re¬ 
actions from lHavatsu et ahl (|1972D as candidates. 

The temperature limit for the interior of carbonaceous 
chondrite parent bodies based on the theoretical tem¬ 
perature for which amino acid synt hesis in planetesi¬ 
mals generally shuts off is ^300°C dCobb et al.l 120141) . 
In thermal evolution simulations of the i nteriors of car- 
bonaceous chondrite parent bodies, iTravis fe Schubertl 
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(1200511 foun d temperat ures reached a maximum of f 80°C. 
iMcSween et al.l (I2002f) had similar results, with their 
smallest-radius carbonaceous chondrite parent bodies 
reaching a maximum interior temperature of 227°C. 
From a study that classifies temperature ranges within 
the parent bodies of the various carbonac eous chondrite 
subclasses and petrologic types, iSephtonl (l2002h assigns 
a temperature limit of 400° C for the parent bodies of 
the carbonaceous chondrites in which nucleobases have 
been found. Furthermore, based o n nucl eobase decom¬ 
position experiments from lLevv fc Miller] (1998), all five 
nucleobases decompose in seconds at temperatures above 
400°C in an aqueous environment. 

Since t he FT synthesis of A, G, U and T in 
lHavatsu et al.1 (|1972h were only successful when temper¬ 
atures reached as high as 700°C, we disregard these re¬ 
actions as candidates. This temperature is much higher 
than those within CM, CR and Cl carbonaceous chon¬ 
drite parent bodies, and much too high to sustain nu¬ 
cleobases in aqueous environments dTravis fc Schubertl 
l2005h. 

iJarosewichl (|1990f) and iWiikl (I1956H have done com¬ 
plete chemical analyses of several carbonaceous chon¬ 
drites. From these two surveys, only AI2O3, Si02, Ni 
and Fe (satisfying NiFe) of the above catalysts has been 
found. This allows us to disregard schemes 23, 25, 50 and 
60, as the catalysts for these reactions were unlikely to 
have been available within carbonaceous chondrite par¬ 
ent bodies. 

The remaining reaction schemes complete our list of 
candidate reaction pathways for the synthesis of nucle¬ 
obases within planetesimals. This list is presented in 
Table [2] and the corresponding reactions are indicated 
by asterisks in Table [3] In total there are 7 candidate 
reactions for A, 2 for U, 3 for C, 2 for G and I for T. 

Although some of the reactions in Table [3] that did not 
make the candidate list have experimental yields that are 
indeed high, these pathways require reactants that may 
not be present in planetesimals. For this study, we limit 
our candidates to the reactions for which there is some 
evidence of the reactants being present within meteorite 
parent bodies. 

6. DISCUSSION 

Because nucleobases, nucleobase catabolic intermedi¬ 
ates and nucleobases analogs are present in carbonaceous 
chondrites, these molecules would have likely also been 
present on the pregenetic, meteorite-accreting Earth. C 
and T have yet to be found in meteorites. A plausible 
astrophysical source of C and T could arise from ultravi¬ 
olet radiatio n-driven chemical reactions on icy particles 
in space (INuevo et al.l 1201411 . This would supply the C 
needed for the onset of the RNA world that likely pre¬ 
ceded DNA-based life (jNeveu et al.ll2013lf . as well as the 
T needed for the later appearance of the DNA, RNA and 
protein world. 

It is currently unknown why C or T have not been 
measured in carbonaceous chondrites. Phot odissociatio n 
is unlikely to be the main cause as iPilling et al.l ([2008H 
have found that G, A, C, T and U have similar survival 
rates when exposed to vacuum UV photons at energies 
ranging ~4-30 eV. Deamination could explain the lack 
of C in mete orites, since C deaminates to U in aque- 
ous solutions dRobertson fc Milleill 19951 iGarrett &; Tsaul 


Table 2 

Candidate reaction pathways for the 
production of nucleobases within 
meteorite parent bodies. The reaction 
numbers pertain to those in Table [3] 


Nucleobase 

Reaction Number 

Type 

Adenine 

i 

FT 


3 

NC 


4 

NC 


6 

NC 


7 

NC 


8 

NC 


24 

CA 

Uracil 

29 

NC 


32 

NC 

Cytosine 

43 

FT 


44 

NC 


49 

CA 

Guanine 

51 

FT 


54 

NC 

Thymine 

58 

NC 


NC: Non-catalytic; CA: Catalytic; FT: 
F ischer- Tr opsch. 


ll972tlFterris et al.lH96 8h and meteorite parent bodies are 
thoug ht to remain aqueous on the order of millions of 
years dTravis fc Schubertll2005l f. 

Perhaps the most likely explanation of the deficit 
in C and T is a purely chemical one. C and T are 
known to readily oxidize into 5-hydroxyhydantoin 
and 5-meth vl- 5-hydroxyhyd antoin respectively 
(jRedreio-Rodrfguez et all 1201 111 , which could ex¬ 
plain the lack of both C and T in meteorites. Although 
5-hydroxyhydantoin and 5-methyl-5-hydroxyhydantoin 
haven’t been measured in carbonaceous chondrites, 
a few amino acid h ydantoins have, e.g., 5-(2- 

Carboxyethyl)hydantoin dCooper fc Croninlll995l) . 

A final possibility for the lack of C and T in meteorites 
could be that the reactions synthesizing A, G and U 
in meteorite parent bodies are more thermodynamically 
favourable than those synthesizing C and T. This would 
result in a reduced production of C and T with respect to 
the other nucleobases within planetesimals, which could 
then be further diminished to negligible amounts from 
photodissociation, deamination or oxidation. An impor¬ 
tant target of our future investigations is to address this 
question, i.e., how much C or T could be synthesized 
within meteorite parent bodies. 

Since the abundances of xanthine and hypoxanthine 
measured in carbonaceous chondrites are comparable to 
those of G and A, the former would have been just as 
available as the latter during the evolution of the genome 
and the genetic code. Xanthine and hypoxanthine were 
therefore not selected to have a place in the genome for 
a reason other than availability. 

What is particularly interesting, is the low abundance 
of nucleobase analogs that have been measured in car¬ 
bonaceous chondrites. Nucleobase analogs are struc¬ 
turally similar to nucleobases, and 2,6-diaminopurine, 
like A , can actually base pair with T or U flKirnos et al.1 
1197711 . If nucleobase analogs can replace some of the 
genome nucleobases, but were perhaps only available 
in very small (<10 ppb) abundances on the pregenetic 
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Earth, then it is possible to consider nreteoritic abun¬ 
dance as a driving factor in A’s incorporation into the 
genome over these nucleobase analogs. 

Total nucleobase abundances in carbonaceous chon¬ 
drites are consistently lower than amino acids by ~l-4 
orders of magnitude. The decay rates of molecules due 
to hydrolysis have been measured and a useful tool in 
describing them is Arrhenius plots. These results show 
that nucleobases decay more rapidly than glycine, ala¬ 
nine, serine, glutamic acid, aspartic acid and phenylala¬ 
nine at temperatures above 200° C (jLevv & Milled fl9981 
ISato et ahl 12004 lOian et ahl 119931) . Though the amino 
acids studies were not performed at temperatures lower 
than 200°C, by e xtrap olating the Arrhen ius curves from 
ISato et all (12004) and iQian et al.l (|1993l) . it can be seen 
that amino acids should be more stable than nucleobases 
at all aqueous temperatures. Since carbonaceous chon- 
drite parent bodies are tho ught to have had aqueous inte¬ 
riors for millions of years dTravis fe Schubert! 120051 ). the 
~l-4 orders of magnitude difference in abundance be¬ 
tween amino acids and nucleobases within carbonaceous 
chondrites could simply be a result of the more rapid 
hydrolysis decay rate of nucleobases. 

It is clear from the number of individual nucleobase 
reactions in Tables [3] that A is the most commonly pro¬ 
duced nucleobase in the lab. Five out of the seven can¬ 
didate reactions producing A are NC reactions (all in¬ 
volving HCN), producing a maximum 15 % yield. G 
on the other hand has only one theoretical NC reaction 
candidate, with no laboratory yield. Since G happens to 
be the most abundant nucleobase within carbonaceous 
chondrites (Figure HJ), and A is the second most abun¬ 
dant, NC reactions are perhaps less likely to be the main 
reaction mechanism to produce nucleobases within me¬ 
teorite parent bodies. CA reactions are also not an ob¬ 
vious choice for the main reaction mechanism since they 
are missing a reaction pathway for the G and U found in 
meteorites. 

The last candidate reaction mechanism to consider is 
FT synt hesis, which produces G, A and C. In experi¬ 
ments bv lHavatsu et al.l (196.8), A had the highest yield 
(0.16 %) followed by G (0.09 %) and C (0.05 %). This 
mechanism may at first seem to be an unlikely candidate 
since C and T are not found in carbonaceous chondrites. 
However, it is possible that reaction 32 accounts for the 
missing C in carbonaceous chondrites, as in this reac¬ 
tion C deaminates into U. Though G is on average the 
most abundant nucleobase in CM2 meteorites, there are 
also a few instances where A is more abundant than G in 
CR2, CR3, CM1 and CM2 meteorites. This increases the 
plausibility of the FT reaction pathways in lHavatsu et all 
( 1968 1 occurring within meteorite parent bodies. 

7. CONCLUSIONS 

Unlike amino acids, hydroxy acids, carboxylic acids, 
hydrocarbons and many other organic molecules, nucle¬ 
obases have not been found in great (ppm-range) abun¬ 
dances in meteorites. G, A and U have been found in 
carbonaceous chondrites in the 1-500 ppb range. No C 
or T has been measured in any meteorites to date. Nu¬ 
cleobase catabolic intermediates xanthine and hypoxan- 
thine have been measured in similar abundances to nu¬ 
cleobases (3-2300 ppb). Nucleobase analogs purine, 2,6- 
diaminopurine and 6,8-diaminopurine have been mea¬ 


sured in low abundances around 0.2-9 ppb. 

CM2 meteorites appear to be the preferred type for 
nucleobases with an average total nucleobase abundance 
of 330 ± 250 ppb. Conversely, CR2 meteorites are the 
least abundant in nucleobases, with an average total 
abundance of 16 ± 13 ppb. These results are dissimilar 
to amino acid abundances in carbonaceous chondrites, 
where CR2 and CM2 meteorites both contain the great¬ 
est abundances. This may suggest that amino acids and 
nucleobases could share a reaction mechanism within the 
parent bodies of CM2 meteorites, but may have differing 
reaction mechanisms within the parent bodies of CR2 
meteorites. 

Nucleobases are typically 1-3 orders of magnitude 
less abundant in carbonaceous chondrites than glycine 
(which is the most abundant amino acid in carbonaceous 
chondrites). Nucleobases can be 2 orders of magnitude 
less abundant to even 1 order of magnitude more abun¬ 
dant in carbonaceous chondrites than aspartic acid (one 
of the less abundant amino acids in carbonaceous chon¬ 
drites). The most abundant nucleobase in carbonaceous 
chondrites is guanine, ranging from 2-515 ppb. Adenine 
is the 2nd most abundant nucleobase with an average 
relative abundance to G of 0.36 ± 0.48 within CM2 me¬ 
teorites. Uracil is the least abundant nucleobase with an 
average relative abundance to G of 0.23 ± 0.19 within 
CM2 meteorites. The total abundance of nucleobases in 
carbonaceous chondrites is 1-4 orders of magnitude less 
than the total abundance of amino acids. 

Of the 60 most discussed FT, NC and CA nucleobase- 
synthesizing reactions in the literature, 3 FT, 10 NC 
and 2 CA reactions are proposed as the candidate 
reactions producing nucleobases within meteorite parent 
bodies. It appears as if the FT synthesis reaction 
mechanism best complies with the nucleobases found in 
carbonaceous chondrites thus far. 

We are indebted to Alyssa Cobb, whose work on rne- 
teoritic amino acids provided an important template for 
our study here. We would also like to thank Dr. Allyson 
Brady for sharing her superb knowledge on molecular 
analysis techniques, and Dr. Paul Ayers for his advise¬ 
ment on the molecular stability of C and T. The research 
of B.K.D.P. was supported by a NSERC CREATE Cana¬ 
dian Astrobiology Training Program Undergraduate Fel¬ 
lowship. R.E.P. is supported by an NSERC Discovery 
Grant. 
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Table 3 

Reaction schemes and experimental yields for FT, NC and CA nucleobase synthesis. 


o 


No. Type Reaction 


Max Yield (%) Source(s) 


Adenine 


1* 

FT 

CQ + h 2 + NHa ^+11^03+11 * 0a> A + h 2 Q 

detected 

0.16 

2 

FT 

CO + D 2 + ND 3 NiFe+Al ^ > A + H 2 0 

H—h 

3* 

NC 

5HCN( aQ1 ) —> A 

theoretical 

4* 

NC 

HCN + NH 3 -> A 

detected 

15 

0.029 

5 

NC 

Ammonium cyanide —> A 

0.038 

6* 

NC 

5CO + 5 NH 3 —>• A + 5 H 2 O 

detected 

7* 

NC 

HCN + H 2 0 -> A 

0.04 

8* 

NC 

HCN + NH 3 + H 2 0 ->• A 

0.05 

9 

NC 

Ammonium cyanide + H 2 O —>■ A 

detected 

10 

NC 

HCN + Glycolonitrile —> A 

0.06 

11 

NC 

HCN + Ammonium formate —>• A 

18 

12 

NC 

4-aminoimidazole-5-carbonnitrile + HCN —>• A 

24 

13 

NC 

4-aminoimidazole-5-carbonnitrile + Ammonium cyanide —> A 

11 

14 

NC 

4-aminoimidazole-5-carbonnitrile + Sodium cyanide —> A 

7 

15 

NC 

KCN + Ammonium formate + Formamide —>• A 

4.7 

16 

NC 

NaCN + HCN + Acetamidine hydrocloride + NH 3 —> A 

detected 

17 

NC 

NaCN + Ammonium chloride + Formamidine acetate + NH 3 —> A 

25 

18 

NC 

Diaminomaleonitrile + Formamidine acetate + NH 3 —>■ A 

1 

19 

NC 

4-amino-5-cyanoimidazole + Formamidine acetate + H 2 O —> A 

3 

20 

NC 

4-Formamido-5-imidazolecarboxamidine + Potassium bicarbonate —> A 

80 

21 

NC 

6 -chloropurine + Ammoniacal butanol —>• A 

detected 

22 

NC 

Aminomalonitrile p-toluenesulfonate + NaCN + Formamidine acetate + NH 3 —»• A 

21 

23 

CA 

5HCN + 4NH 3 NHiOH > a + 4NH 3 

detected 

detected 

24* 

CA 

AI 2 O 3 | \SiO 2 11 Kaolin\ \ Zeolite 

Formamide- > A 

0.09 

25 

CA 

Zn 2 [Mo(CN) 8 ]-2H 2 0 . 

lormamide - > A 

0.62 

26 

U racil 

CA 

m, . . . ir . Raney —Nickel . 

1 hioisoguamne sulrate - > A 

21.25 

27 

FT 

CO + d 2 + nd 3 JViFe+Ai2 ° 3 > U + h 2 o 

+ 

28 

NC 

Ammonium cyanide —> U 

0.0017 

29* 

NC 

2HCN( a9 ) + 2CH 2 0( a9 ) — 1 U( ag ) + H 2(aq) 

theoretical 

30 

NC 

HCN -j- Ammonium hydroxide + H 2 O —> U 

0.005 

31 

NC 

2,4-Diaminopyrimidine + H 2 O —>• U 

36 

32* 

NC 

c + h 2 o -> u + nh 3 

detected 

detected 

95 

33 

NC 

Cyanoacet aldehyde + Urea —»• U 

0.08 

34 

NC 

Acrylonitrile + Urea + H 2 0 — » U 

< 1 

35 

NC 

Acrylonitrile + Urea + Ammonium chloride — > U 

< 1 

36 

NC 

Propiolic acid + Urea + Sulfuric acid + H 2 O —> U 

59 

37 

NC 

Propiolic acid + Urea + Polyphosphoric acid + H 2 O —>• U 

75 

38 

NC 

Fumaric acid + Urea + Polyphosphoric acid —> U 

5 

39 

NC 

Maleic acid + Urea + Polyphosphoric acid —> U 

20 

40 

NC 

Malic acid + Urea + Sulfuric acid —>• U 

55 

41 

NC 

Malic acid + Urea + Polyphosphoric acid —> U 

9.3 

42 

CA 

A , . , . tt NHi^POiWiNH^HPOiWNHiClW^POi 

Acetylene dicarboxyhc acid + Urea - > U 

6.3 


i Yang_&_Or6 (1971); 
JHh^ats^etjiL (1968) 

Ha^atsi^e^aL (1972) 
JLaRowej^JRegnier (2008) 
Yamada et al. (^69); 
Wakamatsuet^L (1966) 
Miya^w^etaL (2002 ) 
Levy et al. (1999) 
JHa^atsi^et^L (1968) 
Ferris et al. (1978) 

Oro & Kimball (1961) 

Pro (1960)~ 

Schwartz &; Bakker (1989) 
Hill & Orgcl (2002) 

Sanchez et al. (1968 ) 
Sanche^e^aL 

Sanche^e^aL 

Hudsor^^aL 

Yamada et al. 


1968) 

1968) 

2012) 

1968) 

1968) 

1967) 

1966) 


Yam ad aetal. 

Sanche^e^ah 

Ferris fc Or gel 

Shaw (1950 ) 
Bendiche^aL (1 
Yamack^l^il. Q 

j On3& > j<imball I 

^Oro (1961b) 

Saladino et al. ('. 


J^uma^et^L (2014) 
Bendich et al. (1948) 


JHa^atsi^et^L (1972) 
i Mi^akawa ii etjrL (2002) 
JLaRow^^^Regnier (2008) 
Voet^^Schwartz (1982) 

Ferris et al. (1974) 

Robertson £^^iller (1995); 

Garret.t &• Tsan (1972 ): 
- Ferris i ^t_aL (1968) 

_Nelson et_al. (2001) 
Grossenbacher K: Knisrht (1965) 

Oro (1963) ■' - 

Harada fc Suz uki (1976) 
Harada^S Suzuki (1976) 
i ^hkamoto B ^ B ^amamoto (1971) 
Takamoto &; Yamamoto (197 1) 
Davi dson & ; Ba udisch (^926) 
jjb^&JHarada (19611 

Subbaraman et al. (1980) 


Pearce & Pudritz 




























































Table 3 

Continued 


No. 

Type 

Reaction 

Max Yield 

Cytosine 



43* 

FT 

CO + H 2 + NHa ^ftll^Q3+l|Si 0 2 > c + HzQ 

detected 




0.05 

44* 

NC 

3HCN (a9 ) + CH 2 0( a9) C (ag ) 

theoretical 

45 

NC 

Cyanoacetaldehyde + Urea —> C 

0.23 




53 

46 

NC 

2,4-Diaminopyrimidine + H 2 O —>• C 

trace 

47 

NC 

Cyanoacetylene + Urea + H 2 O —> C 

5 

48 

NC 

Cyanoacetylene + Potassium cyanate + H 2 O —> C 

19 



, AI 2 O 3 11 Si0 2 I \Kaolin\ 1 Zeolite 


49* 

CA 

Formamide —=—42-22-2-» C 

0.44 

50 

CA 

Zn 2 [Mo(CN) 8 ]-2H 2 0 
kormamide- > C 

0.36 

Guanine 





NiFe+\\Al 2 03 + \\Si02 „ 


51 

FT 

CO + H 2 + NH:j - " - 3 "- h G + H 2 0 

detected 




0.09 

52 

FT 

CO + D 2 + ND 3 iV ‘ Fe + Ai2 ° 3 > G + H 2 0 

+++ 

53 

NC 

Ammonium cyanide -A G 

0.0067 




0.0035 

54* 

NC 

5HCN( a9 j + H 2 0 —> + H 2 ( a9 ) 

theoretical 

55 

NC 

4-aminoimidazole-5-carboxamide + Cyanogen -A G 

43 

56 

NC 

4-aminoimidazole-5-carboxamide + Potassium cyanate -A G 

20 

Thymine 



57 

FT 

CO + D 2 + ND 3 JViFe + Al2 ° 3 > T + H 2 0 

+ 

58* 

NC 

2HCN( a? ) + 3CH 2 0( a9 ) -»• T( a? ) + H 2 0 

theoretical 

59 

NC 

U + Paraformaldehyde + Hydrazine — > T 

0.1 

60 

CA 

Zn 2 [Mo(CN) s ]-2H 2 0 
hormamide- > 1 

0.03 


Candidate reactions referenced in Table [2] 

NC: Non-catalytic; CA: Catalytic; FT: Fischer-Tropsch. 
+++ very abundant; ++ abundant; + less abundant. 


Source(s) 


Yang^^Oro (1971) : 
Jfa^atsi^t^aL (1968) 
JLaRowej^JRegnier (2008) 
Nelson et al. (200^); 
jlobertsor^&Mjiller (1995) 
Ferris et al. (1974) 

^erri^et^L (1968) 
^err^et^L (1968); 
^anchez^t^L (1966) 

^aladino^et^aL (20(H) 

Kumar et^L (2014) 


Havatsu et al. (1972) 
Miyakawa et al. (2002): 
^ev^^t^L (H999) 
JLaRowe^&JRegnier (2008) 
Sanchez et al. (1968) 
Sanchez et al. (1968) 


Ila^atsi^t^aL (1972) 
JLaRowe^^JRegnier (2008) 
Stephen- Sherwood et al. (197^) 

K umar et al. (2014) 
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